The equine infectious anemia virus (EIAV) often results in lifelong subclinical
The factors that control the expression of clinical disease remain a poorly understood aspect of lentiviral pathogenesis. Salient features of lentiviral infections include lifelong persistence and prolonged periods of subclinical infection followed by progressive disease. However, in some proportion of infected domestic animals (6) , nonhuman primates (6, 22) , and possibly humans (4, 38) , clinical disease never develops. The basis for the control of clinical lentiviral disease within a given host has not been fully established. Subclinical human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency virus (SIV) infections are generally associated with reductions in viral load relative to initial infection and clinical AIDS, although viremia remains consistently detectable, indicative of continuing viral replication (1, 13, 18, 21, 34) . Long-term subclinical HIV-1 infections have been associated with polymorphisms in HIV-1 chemokine coreceptors which affect viral tropism (10, 46) , strong HIV-1-specific cellmediated immune responses (7) , and defective viruses (26) . However, virus is not eliminated, and the long-term prognosis for these patients has not been determined (4, 38) . In contrast, SIV infections of the natural primate host are completely apathogenic, even in the face of continuous viral replication (21) . Infections with the ungulate lentiviruses ovine visna virus and caprine arthritis-encephalitis virus do not always result in clinical disease. However, the disease course is progressive if clinical signs do appear (6, 11) .
Cellular reservoirs for lentiviruses include cells of the monocyte-macrophage lineage (6) . Reservoirs for the immunodeficiency viruses also include latently infected lymphocytes (14) and virus sequestered on the processes of follicular dendritic cells (16) . With the non-lymphocyte-tropic ungulate lentiviruses, disease signs are referable to infected macrophages and inflammatory lesions (6) . Macrophages are also important as reservoirs, as restricted viral replication in these cells may allow the virus to avoid immunologic detection and may facilitate viral dissemination as "Trojan horses" (6, 17, 39) .
Infection of horses with the equine infectious anemia virus (EIAV), a lentivirus, is characterized clinically by recurrent episodes of fever, anemia, and thrombocytopenia (reviewed in ref- erence 43) . Some horses die from either acute or chronic clinical disease. However, in most horses, disease episodes progressively decrease in frequency and intensity over about a year, after which the animals remain clinically normal (43) . Acute episodes of clinical equine infectious anemia (EIA) are associated with extensive viral replication in tissue macrophages (5, 32) and readily detectable viremia (12, 20, 27, 47) . In contrast, during subclinical EIAV infections, more sensitive techniques such as PCR are required to detect viral nucleic acids in tissues (25) and plasma (28) , or inoculation of susceptible horses is needed to detect viral infectivity (8, 15, 20, 36) . Thus, EIAV is similar to HIV-1 and SIV in that initial extensive viral replication is followed by a reduction in viral load (13, 18, 22) . EIAV is distinct, however, in that many horses effectively suppress clinical disease following the onset of clinical signs, even when infected with highly virulent strains (25) . This feature makes EIAV a useful model for the examination of a lentiviral infection in which disease can be successfully controlled. Since the sites and mechanisms of EIAV persistence have not been clearly defined, the purpose of this study was to identify the cellular reservoirs of EIAV in vivo during subclinical infection. The presence of viral replication and the amount of virus present were also evaluated.
MATERIALS AND METHODS
Animals, viruses, and clinical parameters. Seven horses were infected intravenously with EIAV. Four horses (three Arabian foals and one adult pony) were infected with the highly virulent Wyoming strain of EIAV (EIAV Wyo ); two with 10 6 and one horse each with 10 3 and 10 1 horse infectious doses. The lower doses were used to reduce dose-dependent mortality (23) . Three horses (one Arabian foal and two ponies) were infected intravenously with 10 6 50% tissue culture infectious doses of the WSU5 strain of EIAV (EIAV WSU5 ). EIAV WSU5 is an equine dermal fibroblast-adapted (29) , pony-passaged (37) variant of EIAV Wyo that is less virulent than EIAV Wyo . Physical examinations, rectal temperatures, hemograms, and platelet counts were performed daily during clinical episodes and intermittently during chronic clinical disease or subclinical infection. Serum, plasma, and peripheral blood mononuclear cell (PBMC) samples were collected, processed, and stored at Ϫ80°C until needed. Necropsy tissues were fixed for 48 h in 4% paraformaldehyde and paraffin embedded. Replicate samples of unfixed tissues were snap-frozen in liquid nitrogen and stored at Ϫ80°C.
Nucleic acid extractions, PCR, and reverse transcriptase PCR (RT-PCR). DNA from tissue and PBMC was extracted by using proteinase K digestion and a commercial extraction system (Stratagene DNA extraction kit), phenol-chloroform-isoamyl alcohol, and ethanol precipitation. Total RNA was extracted from tissues homogenized in a commercial guanidinium isothiocyanate-phenolchloroform solution (Trizol Reagent; Life Technologies), followed by additional phenol-chloroform-isoamyl alcohol extraction and digestion with DNase. Plasma or serum viral RNA was obtained by pelleting the virions from 1 ml of sample at 47,000 ϫ g for 1 h at 4°C, extracted as described above with a polysaccharide gel carrier (Microcarrier Gel-TR; Molecular Research Center).
DNA PCR was performed on 2 or 3 g of DNA, using a protocol modified from that previously described (19) . PCR amplification consisted of 1 cycle of 3 min at 95°C, followed by 35 to 40 cycles of 30 s at 94°C, 30 s at 56°C, and 30 s at 72°C and then 1 cycle of 7 min at 72°C. For nested PCR, the first round was performed as described above except that the annealing temperature was 50°C, and 1 l of the first reaction was added to the second reaction and amplified as described above. The oligonucleotide primers used for DNA PCR were from the capsid protein sequence of EIAV Wyo gag (40); they included primers 854 (5Ј GGCTGGAAACAGAAATTTTA 3Ј) and 1262 (5Ј TAGGTTTTCCAATCAT CACT 3Ј) as internal primers and primers 636 (5Ј CCATTGCTGGAAGATG TAAC 3Ј) and 1399 (5Ј TGCGTTCTGAATAGTCAGTG 3Ј) as flanking primers. RT-PCR for viral RNA was performed on 2 or 3 g of total RNA from tissues or 2 or 3 l of RNA extracted from plasma. The assay combined reverse transcription and PCR in a one-tube format using the PCR primers to also initiate reverse transcription (19) . RT-PCR and nested RT-PCR for EIAV gag RNA were performed as described above for DNA PCR except that the reaction mixture contained RNase inhibitor and Moloney murine leukemia virus reverse transcriptase (SuperScript II; Life Technologies), and PCR amplification was preceded by a reverse transcription step of 40 min at 42°C. RT-PCR and nested RT-PCR were also performed for the singly spliced message for EIAV env by selecting primers that bridged the mRNA splice site. This protocol was performed as described above, using the following oligonucleotide primers as described previously (3): 297 (5Ј CTAGTTTGTCTGTTCGAGATCC 3Ј) and 5470 (5Ј CTTGCTTCCTTCGATTCTGCCATGCTGTTC 3Ј) as flanking primers, with 297 and 5416 (5Ј GGTTGAAACATTGTGTTCTCCTCACACTTAG 3Ј) as internal primers. The specificity of these assays for RNA was confirmed for positive samples by duplicate reactions without reverse transcriptase.
In situ hybridization (ISH) and immunohistochemistry. Five-micrometer sections of paraffin-embedded tissues were mounted onto Microprobe-Plus slides (Fisher Scientific). Deparaffinized sections were rehydrated, permeabilized with 0.2 N HCl and 5 g of proteinase K per ml, acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine buffer, and rinsed in 2ϫ SSC (1ϫ SSC is 150 mM NaCl and 15 mM sodium citrate). Nonspecific nucleic acid binding was blocked by treatment with prehybridization solution [50% formamide with 310 g of sheared herring sperm DNA, per ml, 310 g of poly(A) per ml, 31 mM EDTA, 25 mM HEPES, 1 M NaCl, 0.25% sodium dodecyl sulfate, 125 mM dithiothreitol, and 1ϫ Denhardt's solution). An EIAV-antisense RNA probe was produced by in vitro transcription using T7 RNA polymerase from pEIAp26.1 (pGEM4Z vector [Promega] containing a 450-bp fragment of EIAV gag) and labeled by [ 35 S]dUTP (New England Nuclear-DuPont) or digoxigenin-dUTP (Boehringer Mannheim). Either 5 ng of 35 S-labeled probe (approximately 4.5 ϫ 10 6 cpm) or 100 ng of digoxigenin-labeled probe, diluted in prehybridization solution, was hybridized to each section overnight at 42°C. Following hybridization, unbound probe was digested with 50 g RNase A per ml, and the sections were washed in decreasing concentrations of SSC. Bound 35 S-labeled probe was detected by autoradiography (NTB2 emulsion; Eastman Kodak) for 5 to 14 days at Ϫ80°C. Bound digoxigenin-labeled probe was detected with Boehringer Mannheim's antidigoxigenin Fab fragments conjugated with alkaline phosphatase, 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium chromogen (BCIP-NBT), and the Wash and Block system.
In tissues that have not been subjected to conditions that denature DNA, the antisense gag probe is specific for full-length genomic viral RNA, the presence of which is suggestive of viral replication (5, 41, 44) . Controls for specificity included (i) hybridization on nondenatured, EIAV-infected tissues with a complementarysense probe specific for proviral DNA (unavailable for hybridization), (ii) a nonsense probe from a gene of Trypanosoma cruzi, and (iii) the antisense probe on uninfected tissues.
In situ PCR. Deparaffinized tissue sections were rehydrated, permeabilized with proteinase K (75 to 200 g/ml) for 35 min at 37°C, rinsed in water and ethanol, and air dried. In situ PCR for proviral DNA was performed by applying 50 l of PCR mix (500 pmol each of EIAV gag-specific primers 854 and 1262, 1.2 mM each deoxynucleoside triphosphate, 4.5 mM MgCl 2 , and 20 U of Taq DNA polymerase in Perkin-Elmer PCR II buffer) to the sections at 70°C, covering the reagents with Amplicover Discs and Clips (Perkin-Elmer), and using the GeneAmp In Situ PCR System 1000 for amplification as follows: 1 cycle of 4 min at 95°C for denaturation and then 35 cycles of 1 min at 94°C, 1 min at 55°C, and 1.5 min at 72°C. Negative controls included tissues from uninfected horses and PCR mix without Taq polymerase on infected tissues. Following thermal cycling, sections were serially rinsed in 2ϫ SSC, phosphate-buffered saline, and ethanol and then air dried. DNA was denatured by heating for 4 min at 92°C, and amplified proviral cDNA was detected by ISH as described above. The probe used for the detection of in situ PCR products was a digoxigenin-labeled, sensepolarity RNA transcript of the same plasmid pEIAp26.1 used in ISH experiments. The sense-orientation probe was generated by transcription with SP6 RNA polymerase, is complementary to EIAV gag, and because of its sense polarity is specific for proviral DNA.
Quantitative PCR. The copy number of proviral DNA in tissue was determined by adaptation of a method previously described for the quantitation of HIV-1 DNA (34). PCRs (primers 854 and 1262) were performed in triplicate and repeated nine times for each sample. Reaction products were visualized in ethidium bromide-stained agarose gels, and their densities were quantitated by a commercial digital imaging system (IS1000; Alpha Innotech). The copy number of provirus in 2 to 3 g of tissue DNA was determined from a standard curve constructed by performing PCR in triplicate on known copy numbers of an EIAV-containing plasmid (33) and reported as copies per 10,000 cell-equivalents of tissue DNA. The plasmid copy number was calculated from its mass; mass was determined by comparing band intensities of the plasmid to dilutions of a DNAmass standard (Life Technologies) in an ethidium bromide-stained agarose gel. PCRs for the test samples and plasmid were performed simultaneously, using a reagent-master mix, and were analyzed simultaneously on a single agarose gel.
RESULTS
Clinical disease. All seven EIAV-infected horses initially developed clinical disease and detectable plasma viral RNA (viremia) ( Table 1) . Disease severity was related to the virulence of the infecting viral strain and, in contrast to a previous report (23) , did not appear to be dose dependent. Signs in all horses included fever (up to 40.8°C) and thrombocytopenia; anemia was present in horses 2084, 2092, 2079, and 2085. Three horses (2079, 2084, and 2092) were euthanized with acute disease; two of these (2084 and 2092) developed hemorrhagic diathesis and were euthanized in extremis. Horse 2085 exhibited chronic EIA (43) , characterized by prolonged clinical signs (30 days), followed by resolution of fever but persistent thrombocytopenia, anemia, and poor body condition until necropsy at day 124 postinfection. Horse 524 experienced an initial disease episode of 14 days, followed by six episodes of recrudescent disease (fever up to 41°C and thrombocytopenia but never anemia) lasting 2 to 5 days each. Plasma viral RNA was readily detected by RT-PCR during clinical episodes and the intervening subclinical periods. Following recrudescent disease, this horse remained afebrile until necropsy at day 878. During most of the afebrile period, this horse was borderline thrombocytopenic; however, at the time of necropsy, the platelet count had normalized and this horse was classified as subclinically infected. The remaining two horses (489 and 498) were necropsied at days 665 and 726, at which time they were clinically normal.
Tissue proviral DNA and viral RNA. PCR for proviral DNA and RT-PCR for viral RNA was performed on nucleic acids extracted from a panel of tissues to identify the tissue reservoirs of EIAV during acute disease and subclinical infection. In subclinically infected horses, this was to identify infected tissues for subsequent in situ studies. Amplicons were shown to be derived from EIAV gag or env by sequencing. Tissues from an uninfected control horse were negative (data not shown).
In the subclinically infected horses, not all tissues contained sufficient proviral DNA to be detected with a single round of PCR, although all tissues tested (except PBMC) were positive by nested PCR (Table 2) . RT-PCR detected viral gag and/or env RNA in either spleen, bone marrow, or plasma of all three subclinically infected horses, although levels were sufficiently low in these horses to require nested RT-PCR (Table 3 ). In the two horses with subclinical EIAV WSU5 infections, plasma viral RNA could not be detected, even by using nested RT-PCR on as much as 4 ml of plasma. In contrast, the horses with acute and chronic clinical disease contained levels of proviral DNA that were readily detected with a single round of PCR in PBMC, lung, spleen, lymph node, and bone marrow (Table 2) ; also strongly positive were kidney, ileum, colon, heart, and brain (data not shown).
Viral gag or env RNA was readily detected in either spleen, bone marrow, and plasma of these horses ( Table 3 ). The widespread tissue distribution of EIAV is consistent with a number of previous reports (5, 24, 32, 42) for horses with acute disease and the single report for a subclinically infected horse examined by PCR (25) . The presence of viral gag and env RNA indicates viral replication in the subclinically infected horses, even when EIAV is undetectable in plasma or PBMC.
ISH and in situ PCR. ISH for viral gag RNA and in situ PCR for proviral gag DNA were performed to determine the cellular tropism of EIAV. Spleens were used for in situ experiments since this tissue, based on solution-phase PCR results, contained readily detected levels of viral DNA and RNA in all horses. Viral RNA-expressing cells were identified in spleens from horses with chronic clinical disease and subclinical infection with the virulent strain of EIAV (EIAV Wyo ) (Tables 3 and 4; Fig. 1a) . The locations of these infected cells in the splenic sinusoids suggested that they were macrophages. Viral RNA-expressing cells could not be detected in spleens from the horses subclinically infected with the less virulent strain (EIAV WSU5 ), despite numerous attempts with both isotopic and nonisotopic ISH. Proviral DNA also could not be detected by ISH in any tissues from horses with subclinical infections. Proviral DNA was also undetectable by ISH in tissues from acutely infected horses, including tissues in which viral RNA was easily detected by ISH, indicating that the copy number of proviral DNA per cell was below the threshold of detection for the ISH assay. In situ PCR, however, did detect cells containing proviral DNA in the spleens of subclinically EIAV WSU5 -infected horses; the presence of hemosiderin in some of these cells suggested that they were macrophages (Fig. 1b) . Varying the amount of protease digestion used in experiments to identify proviral DNA in macrophages, in order to control for cell type variation in protease digestion optima, did not reveal additional types of infected cells. The ability to detect viral RNA (both gag and env) by solution-phase RT-PCR, but not by ISH, in these splenic macro- 
a ϩ, positive PCR result detected in ethidium bromide-stained agarose gels; Ϫ, negative result; Ϯ, positive result weak and inconsistent; NT, not tested (tissue extracts inhibitory to PCR). (Fig. 2) , suggesting unrestricted replication during acute disease. During acute disease, viral RNA-containing cells were present in tissues from all major organ systems in all infected horses. ISH with control (sense and nonsense) probes, and with the antisense probe on tissues from an uninfected horse, did not detect significant nonspecific hybridization. Consistent with previous reports (5, 32), viral RNA-containing cells were predominantly macrophages, based on their location, morphology, and coexpression of lysozyme in dual-labeling experiments (35) . Viral RNA-containing endothelial cells were also identified (35) . Spleens contained large numbers of infected macrophages (Table 4) in the sinusoids and lymphoid germinal centers. A diffuse hybridization pattern in germinal centers suggested viral trapping on the processes of dendritic cells (Fig. 3a) (2, 14, 16 ). Lymph nodes, in contrast, did not contain large numbers of infected cells or have preferential hybridization in lymphoid follicles (Fig. 3b) .
Quantitation of viral load. The copy number of provirus in 10,000 cell-equivalents of spleen DNA was determined by PCR to compare viral load during acute disease and subclinical infection (Table 4 ). An example of a standard curve used to determine copy number of proviral DNA is shown in Fig. 4 . During subclinical infection, the copy number of EIAV provirus was decreased 4-to 733-fold in comparison to acute disease (3 to 85 copies for subclinical infection, versus 328 to 2,200 copies for acute disease). The horse with chronic clinical disease had a level of proviral DNA (273 copies) that overlapped levels for horses with both acute disease and subclinical infections. Although large standard deviations (ranging from 52 to 120%) and the small number of horses in each group do not allow statistical comparison, the data suggest that subclinical EIAV infections are associated with reductions in viral load.
Viral load was also evaluated by using the percentage of viral RNA-expressing spleen cells, detected by ISH, in 120 4,500-m 2 microscope fields (Table 4) . During subclinical infection, the percentage of infected cells was decreased 308-to 1,840-fold in comparison to acute disease (0.77 to 4.6% for acute disease, versus 0.0025% for subclinical infection). The horse with chronic clinical disease had an intermediate percentage of infected cells (0.12%).
Viral load also appears to be influenced by the virulence of the infecting viral strain. Horses with acute EIAV Wyo infection (horses 2084 and 2092) had a greater viral load (based on either copies of provirus or RNA-expressing cells) than the horse with acute EIAV WSU5 infection (horse 2079). Similarly, the horse with subclinical EIAV Wyo infection (horse 524) had a greater viral load than the horses with subclinical EIAV WSU5 infections (horses 489 and 498). These differences indicate that EIAV virulence is related to viral load and viral replication.
DISCUSSION
The results of this study indicate that subclinical EIAV infection is associated with (i) reductions in viral load and (ii) relative transcriptional restriction in the same cell population (tissue macrophages) that is highly permissive during acute disease. Cell types other than the macrophage do not appear to (5, 24, 25, 32, 42) , solutionphase PCR for proviral DNA in this study showed that EIAV is present in most tissues, even after as long as 2 years of clinical remission. Detection of viral RNA in subclinically infected horses indicates that viral replication occurs during subclinical infection. The spleen appears to be a predominant site of both viral replication and persistence. However, the spleen is not the sole site of viral persistence during subclinical infection, as EIAV replication also occurs in other tissues such as bone marrow. Detection of viral RNA may not correlate with productive infection if there are posttranscriptional blocks to viral replication, as has been reported for visna virus (17) . The detection of plasma viral RNA in one of the subclinically infected horses (horse 524) indicates that even if there are posttranscriptional blocks to productive infection, they are not absolute. Thus, virologic latency is not a requirement for EIAV persistence or subclinical infection.
Decreased viral load was also a feature of subclinical infection in this study. The amounts of proviral DNA in 10,000 cell-equivalents of spleen DNA, and the amount of plasma viral RNA, were markedly lower during subclinical infection than during acute disease. These reductions in viral load are similar to those reported between asymptomatic and immunosuppressed HIV-1-infected patients (9, 34) but are less than the 10 5 -fold reduction reported for EIAV by others (25) . This discrepancy may be related to the other study's examination of liver (not analyzed in this study due to the consistent presence of PCR inhibitors) or the longer period of subclinical infection (23 years). Spleens from horses acutely infected with the virulent EIAV Wyo contained higher levels of proviral DNA per unit of spleen, and higher numbers of RNA-containing cells, than spleens from horses acutely infected with the less virulent EIAV WSU5 . This finding suggests that a determinant of virulence for EIAV Wyo is enhanced viral replication during acute disease and may be related to differences in the long terminal repeat enhancer regions (31) .
Macrophages appear to be highly permissive in vivo during acute disease (5) and therefore likely to be rapidly eliminated by viral cytopathology and/or the immune system. Thus, it was anticipated that another, less permissive cell type may be a reservoir of persistence. This, however, does not seem to be the case; the site of viral persistence and replication during subclinical infection are apparently macrophages. Trapping of virus by follicular den- dritic cells in spleen or lymph node was not present in horses with chronic clinical disease or subclinical infections; thus, while EIAV appeared to be collected on the processes of dendritic cells during high-titered viremia, these cells are not an extracellular reservoir of virus as in HIV-1 and SIV infections (2, 16) . PCR in situ was necessary to detect infected cells (proviral DNA containing) during subclinical infection; ISH was insufficiently sensitive. ISH with the sense-polarity probe for proviral DNA, on tissue sections with denatured DNA, was consistently negative, even in tissue sections with readily detectable viral RNA. Since only the spleen was examined in situ, the possibility that other, nonmonocyte/macrophage cell types in other tissues may be sites of persistence cannot be entirely excluded.
Restricted viral transcription in macrophages was present during subclinical infection. During acute disease, the majority of provirus-containing cells also expressed viral RNA, suggesting productive infection and lack of transcriptional restriction in these cells. Viral RNA was undetectable by ISH in two of the horses with subclinical infections. It could, however, be detected by solution-phase RT-PCR. Most or all of these macrophages express levels of viral RNA detectable by ISH during acute disease, which suggests relative restriction of viral transcription during subclinical infection. The significance of restricted viral replication to viral persistence, or to the genesis of antigenic variants which may initiate recrudescent disease (27) , has not been determined. The mechanisms that downregulate transcription in vivo also have not been determined but are likely to be important in the pathogenesis of EIA. In vitro, EIAV can be transcriptionally upregulated during differentiation of monocytes into macrophages (30, 44) and downregulated by cytokines expressed by macrophages (45) . In vivo, differences in long terminal repeat enhancer region motifs which may affect viral transcription and virulence have also been identified (31) . Identification of the host and/or viral factors that influence the biology of reservoir macrophages and differentiate them from the macrophages that are highly permissive to viral replication during acute disease will be important in the further characterization of the mechanisms of persistence of this equine lentivirus. 
